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INTRODUCTION

The generation of B lymphocytes from committed progenitor

cells is a complex process involving the transit of cells through

several critical stages of development. Throughout their transit,

developing B cells are subject to choices between survival,

proliferation or death; fates that are dictated by combinations

of intrinsic and extrinsic signals. Thus, failure to express certain

signalling molecules on their surface at particular stages of

development results in the cell failing to receive a viability

and/or proliferative signal. Likewise, failure to link surface

receptor expression to survival machinery will result in cell

death. During the early stages of B-cell development, one

such receptor molecule is the pre-B-cell receptor (pre-BCR).

The pre-BCR is a heterodimer composed of an immuno-

globulin (Ig) heavy chain molecule (IgH) covalently associated

with an immunoglobulin light chain-like molecule called

the surrogate light chain (SL).1±3.The SL itself is made up of

two non-covalently associated proteins called lambda-5 (l5)

and VpreB, which together form a molecule having structural

homology with conventional light (IgL) chains.4,5.Thus, in the

SL, l5 replaces a light chain constant region and VpreB the

variable part. It is likely that the membrane pre-BCR complex

is composed of two IgH molecules associated with two SLs.1.

However, SL can reach the surface in the absence of IgH but

in association with other molecules, for example with a glyco-

protein of approximately 130 000 MW, so-called gp130.6,7.

In this case, the surface SL-containing complex is referred

to as a pro-BCR.8. The detailed description of SL structure

must await crystallographic analysis, but recently Melchers

has proposed a model of SL chain assembly.9. In this review

we will discuss the molecular structure and gene organiza-

tion of pre-BCR components and attempt to outline how

surface expression of the pre-BCR impacts on cell survival,

differentiation, proliferation and repertoire selection of

developing B cells.

General scheme of B lymphocyte development

Different stages of B-cell development can be de®ned by

the use of a combination of cell-surface markers and the

status of immunglobulin gene rearrangements10,11. (Fig. 1.,

B-lymphocyte development in adult bone marrow). Following

commitment to the B-cell lineage, an event which is still

poorly understood, the ®rst stage of the B-cell lineage is called

a pro-B cell and is de®ned phenotypically as a B220+CD19x

c-kit+CD43+CD25xIgMxIgDx cell in which there does not

have to be any immunoglobulin gene rearrangement.12,13. It

should be noted though that some pro-B cells have DJH

rearrangements but only on one allele.13. Thus pro-B cells

are found in mice in which the recombinase-activating genes

(RAG) have been deleted,14,15.and in such mice, they are CD19+.

However, pro-B cells do contain RNA transcripts for compo-

nents of the SL but it is unclear at the present time whether

they contain SL protein either in their cytoplasm or at the

cell surface.13,16. It is possible that SL might reach the cell

surface in association with molecules other than IgH, for

example gp130.6,7.

The next stage of B-cell development is the pre-BI cell

which is phenotypically similar to a pro-B cell except for

the expression of CD19 (B220+CD19+c-kit+CD43+CD25x

IgMxIgDx) but which genotypically can be distinguished by

having completed the ®rst step in immunoglobulin gene

rearrangement, namely rearrangement of DH to JH segments.

As shown by single-cell analysis, most pre-BI cells have

rearranged DH to JH on both alleles.17. It should be noted,

however, that DH to JH rearrangement is not a marker per se

of B-lymphocyte commitment. Thus, T-cell lines, clones and

hybridomas can show DJ rearrangements and as recently

shown by Rolink et al., pre-B-cell clones from Pax-5 KO mice

containing DJ rearrangements at the immunoglobulin locus

and incapable of further B-cell development,18,19.could upon in

vivo transfer, reconstitute other hemopoietic lineages, including

that of T cells.20. In pre-BI cells, the second step in

immunuglobulin rearrangement, VH to DJH rearrangement

takes place and this step is unique to committed B cells. Cells

with successful VDJH rearrangements contain IgH protein in

their cytoplasm (cm+ cells) and become large pre-BII cells

which are phenotypically B220+CD19+c-kitxCD43xC-

D25+IgMxIgDx. It is at this pre-BI to pre-BII transition

and at the large pre-BII stage that SL plays its major role.
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As with all immunoglobulin gene rearrangements,21.VD and

DJ junctions are generated randomly. The success of VDJH

rearrangements is only judged when the protein product thus

created is expressed at the cell surface. Because of the three

base-pair rule and in-built stop codons in DJH genes, the

majority of VDJH rearrangements will not be successful in

that the DNA sequence generated will not encode a protein.

However, each cell is given multiple chances of rearranging

immunoglobulin genes successfully and generating an IgH

protein. Even if the VDJH rearrangement that has occurred

encodes a protein, the developing B-cell must test the quality

of the IgH protein product. The major criterion of quality

is whether the IgH protein can successfully pair with SL and

be expressed at the cell surface as a pre-BCR molecule.22.Cells

that fail to express a pre-BCR molecule run the gauntlet of

impending cell death. Cell viability at this point in B-cell

development is dependent upon extrinsic factors including

IL-7. It is known that signals from the IL-7 receptor (IL-7R)

impinge on cell survival genes such as bcl-2, and over-

expression of these survival genes at this point in development

may prevent some of the cell death that would otherwise

occur.23. However, it is unclear whether signals from the

pre-BCR in¯uence IL-7R expression or whether the number of

IL-7R molecules per pre-BI cell varies. Careful analysis reveals

that there is considerable cell loss in the transition from pre-BI

to pre-BII cells presumably because failure to successfully

express a pre-BCR results in cell death.

In theory, VH to DJH rearrangement can occur on both

alleles. However, single-cell analysis reveals that this occurs in

only half the pre-BII and more mature B cells and that the

other half have rearranged only one allele and have the other

allele in the DJ con®guration.17.The explanation for this failure

to rearrange the second allele in many pre-BII cells is that

signalling via the pre-BCR, composed of the IgH protein from

the ®rst rearranged allele, prevents or inhibits rearrangement

of the second allele, a phenomenon called allelic exclusion.

Allelic exclusion, which at the DNA level is clearly not 100%

ef®cient, is probably aided by the fact that there is a dramatic

drop in functional RAG-1 and RAG-2 proteins in the tran-

sition from pre-BI to pre-BII cells.24.Regulation of functional

RAG protein availability is a complex process involving

regulation of transcription,25±27.message stability and protein

phosphorylation, the latter linked to the proliferative status

of the cell.28.Nevertheless, approximately half of the pre-BII

cells have rearranged both IgH alleles and sequence analysis

reveals that in these cells most, but not all, are rearranged

successfully on one allele but unsuccessfully on the other.

Transfection experiments reveal that in the few pre-BII cells

that successfully rearrange both IgH alleles (i.e. potentially

double IgH expressing cells) only one of the two IgH proteins

is capable of pairing with SL and reaching the cell surface.22.

Thus, IgH allelic exclusion is partially maintained at the level

of protein pairing.

At present, it is unclear whether pre-BCR molecules have

ligand-recognition function. Even though pre-BCR molecules

consisting of IgH and SL associate with other components

of the BCR signalling complex and can be shown to deliver

signals such as calcium ¯uxes within pre-B-cell lines,29. it is

unclear whether engagement of pre-BCR molecules by ligand

in¯uences B-cell development. Certainly using fetal liver organ

cultures and anti-immunoglobulin reagents, recognizing IgH

molecules in both BCR and pre-BCR complexes, engagement

of the BCR but not the pre-BCR resulted in the arrest of B-cell

development.30.

Figure 1. B-lymphocyte development in the adult mouse bone marrow...
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At the large pre-BII cell stage, cells undergo several rounds

of division and DNA analysis indicates that 60±70% of the cells

are in S, G2 or M phases of the cell cycle.31.After proliferation,

they differentiate into small, resting pre-BII cells, which have

the same cell-surface phenotype as their larger precursors. The

ratio of large to small pre-BII cells is 1 : 3 or 1 : 4 in normal mice

but how this ratio is maintained is unclear.32.The signal for pre-

BII cell proliferation is initiated by surface expression of the

pre-BCR and is probably maintained by the availability of

interleukin-7 (IL-7) in the local microenvironment. It is unclear

if all pre-BII cell clones proliferate equally. It is distinctly

possible that, depending upon the number of pre-BCR mol-

ecules expressed, the af®nity/avidity of the interaction between

IgH and SL, the number of IL-7R molecules and the

availability of IL-7, different clones of pre-BII cells may

undergo different numbers of cell divisions. Why a large pre-

BII cell should stop dividing is also unclear. Certainly, the

availability of SL protein drops dramatically in pre-BII cells31.

and as recently proposed by Melchers et al. it might be that

limiting SL protein availability may dictate the pre-BII cell

division number.33.The reduction in SL protein availability in

pre-BII cells may in part explain their decreased level of surface

pre-BCR expression but with continued expression of IgH

molecules in the cytoplasm.31.Molecular analysis indicates that

the repertoire of IgH molecules expressed at the cm+pre-BI stage

can differ greatly from that seen at the large pre-BII cell stage and

in peripheral B cells.34.This substantiates the idea that at the

clonal level, cell division within the pre-BII compartment varies

considerably and suggests that differential proliferative expan-

sion in the pre-BII compartment may have profound in¯uences

on subsequent immunoglobulin repertoire generation.

Large pre-BII cells produce sterile Igk, and some rear-

ranged Igk transcripts, indicating that these cells are just

about to rearrange Igk. However, sterile and rearranged Igl
transcripts are only detected in small pre-BII cells.35. Thus,

IgL rearranges in the pre-BII cell compartment and as soon

as a functional IgL protein is formed, the cells differ-

entiate into immature B cells characterized phenotypically as

B220+CD19+c-kitxCD43xCD25xIgM+IgDx. Differentia-

tion to immature IgM+ cells is dependent upon the quality

of the IgL chains produced. Each IgL chain must be capable of

pairing with the IgH already expressed, thereby reaching the

cell surface as a BCR. Whether the rules governing IgH/IgL

pairing are similar to those governing IgH and SL pairing

are unknown. It may well be that the `®xed' IgH protein in

individual pre-BII clones selects a certain repertoire of IgL

proteins. In addition, the IgH/IgL dimer must not form

a surface BCR capable of recognizing self-antigen. If auto-

antigen is recognized, then further development is arrested.

Thus, the transition from small pre-BII to immature B cells

marks the stage at which negative selection of the immuno-

globulin repertoire by external ligands begins. This arrest of

B-cell development can result in either the induction of apo-

ptosis and cell loss or the induction of additional immunoglo-

bulin rearrangements to generate a modi®ed, non-autoreactive

BCR.36,37. This latter process has been extensively studied

in mice expressing potentially auto-reactive transgenic BCR

and has been called receptor editing. However, the impact of

receptor editing on the generation of the B-cell repertoire

in normal mice is unclear. Once a non-auto-reactive BCR mol-

ecule is expressed, cells can leave the bone marrow and mature

into B220+CD19+c-kitxCD43xCD25xIgM+IgD+ cells.

Both immature and mature B cells are resting cells. From

the above account, it is clear that the pre-BCR plays a crucial

role in B-cell development.

How do modi®cations of the pre-BCR affect B-lymphocyte

development?

Several of the pre-BCR components necessary for the genera-

tion of a complete pre-BCR have been deleted in the mouse

germline by homologous recombination and a brief description

of the phenotypes of the respective mice is given below.

In mice lacking either RAG-1 or RAG-2 genes, B-cell

development is arrested at the pro-B-cell stage and all further

B-cell (and T-cell) development is blocked.14,15. Mice de®cient

in the transmembrane portion of Ig mH (mmT) chain fail to

express cell-surface pre-BCR molecules and show a block

in B-cell development.38. In addition, the cells that have

rearranged VHDJH are allelicly included at the IgH loci.39.

In contrast, mice lacking the constant region of mH, but syn-

thesising dH, show a normal phenotype40.suggesting that IgD

can substitute for IgM. Thus, the transmembrane portion of

IgH is necessary for pre-B lymphocytes to differentiate, to

proliferate, and for IgH allelic exclusion. Mice lacking the

l5 gene (l5T) also show a block in B-cell development.41,42.

However, in contrast to the mmT mice, the block is not

complete: small numbers of immature/mature B lymphocytes

do develop, demonstrating that differentiation can occur in

the absence of l5.

Detailed analysis of cell numbers reveals that in RAG KO,

mmT and l5T mice, the number of pro/pre-BI cells is about

twofold higher than that of normal mice.32. It is still unclear

how cell viability is maintained in the absence of normal

pre-BCR molecules. Interleukin-7 may play a role in that

increasing IL-7 availability, by the introduction of an IL-7

transgene, resulted in a further modest (twofold) increase in

pro/pre-BI cell numbers.43.That this increase was not greater

may re¯ect the fact that the size of the microenvironment

capable of supporting pro- and pre-B-cell survival is limited

and that cells must move to other microenvironments to

continue their development. This hypothesis is supported by

the presence of normal or reduced numbers of pro/pre-BI

cells in mice lacking the IL-7Ra,44,45.which are blocked at the

same developmental stage as seen in mmT and l5T mice.

The most prominent effect in l5T mice is a lack of

proliferation of large pre-BII cells, indicated by the ratio of

large to small cells in the B220+CD25+ population and

further demonstrated in fetal liver organ cultures and in vitro

cultures.32,46.,47.Interestingly, IgH allelic exclusion is still oper-

ating in these mice, which may be due to the expression of

a pre-BCR composed of IgH and VpreB alone. The block in

l5T animals affects both the B-1 and B-2 B-cell compartments

in young mice. The B-1 compartment reaches normal levels

with age, most likely because of their capacity for self-renewal,

but this is apparently not the case with B-2 B cells.41.

Importantly, the analysis of l5T mice indicates that the signals

emanating from the pre-BCR, which are responsible for pre-

BII cell proliferation and allelic exclusion, are generated

independently.

In the mouse, in contrast to humans, there are two VpreB

genes, which are 97% identical at the nucleotide and amino
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acid levels, resulting in differences at four out of the total of

142 amino acids in the two proteins.5. At the single-cell

level, bone marrow pre-B cells that express l5 also make

VpreB1 mRNA, while y30% of these cells express VpreB2 as

well.48.Currently, it is not known if the appeared differential

expression of VpreB1 and VpreB2 is genuine or owing to

a difference in the sensitivity of the detection assays. The

VpreB1 and VpreB2 proteins are both recognized by the

VP245 monoclonal antobody (mAb) but there is currently no

mAb available that distinguishes the two proteins and it

is therefore not known if both proteins are present in one

and the same cell.6,48. If a cell does make both proteins, and

since the pre-BCR is a mixed heterodimer of two IgH and two

SL molecules, this implies that a cell can express three

different pre-BCRs; a pair of IgH and l5 molecules associated

with either two VpreB1, two VpreB2 or one of each. If this

is the case, differential availability of VpreB1 and VpreB2

might affect pairing with IgH and thereby IgH repertoire

selection.

Recently, mice lacking the VpreB1 gene only (VpreB1x/x),

the VpreB2 gene only (VpreB2x/x) or both genes (VpreBx/x)

have been established. The VpreB1x/x mice have been analysed

and they show a partial block in B-lymphocyte development

at the same stage as that observed in l5T mice, but the effect

is much less marked.49.In the bone marrow, this block results in

an increase in the number of pre-BI cells (to the same extent as

in RAG KO, mmT and l5T mice) and a slight decrease in pre-

BII and immature B cells (80% of control levels). The ratio of

large to small pre-BII cells is the same as in wild-type mice and

hence proliferation appears to be normal. The cells express

VpreB2 and l5 both as RNA and protein suggesting that

a pre-BCR containing VpreB2 is fully competent. Further-

more, IgH allelic exclusion is also in place. The slight decrease

in numbers of large pre-BII cells may be due to a difference

between VpreB1 and VpreB2 in their capacity to pair with

mH and form a pre-BCR. This demonstrates that VpreB2

on its own is suf®cient although not as ef®cient as both VpreB

gene products together. The VpreB2x/x and VpreBx/xmice are

currently being analysed and we should soon know what effect

the lack of these molecules has, if any, on B-cell differentiation,

proliferation, allelic exclusion and repertoire selection.

Regulation of SL gene expression

From the above it is obvious that the control of SL component

synthesis and expression is tightly regulated during B-cell

development. VpreB and l5 are expressed only in the B lineage,

and furthermore, only at the earlier stages of development,

i.e. in pro-B, pre-BI and large pre-BII cells.24,48. This cell

lineage and stage-speci®c expression is regulated at the level of

transcription.50±53.Measurements made using semiquantitative

reverse transcriptase±polymerase chain reaction (RT±PCR)

indicate that RNA steady-state levels of the SL components are

relatively similar in the early stages of B-cell development, but

undergo a dramatic (100-fold) drop in small pre-BII cells.24,48.

The VpreB1 gene is located 4±5 kb upstream of, and in

the same transcriptional orientation as, the l5 gene, while

the distance to VpreB2, also located on chromosome 16, is

unknown.5,54. Searches for regulatory regions have demon-

strated that VpreB1, VpreB2 and l5 are all transcribed as

independent genes and hence have their respective pro-

moter.50,51. These promoters belong to the initiator family

in that they lack a TATA-box and initiate transcription at

multiple sites.55. The region immediately upstream of each

respective gene contains, in addition to the promoter, an

enhancer that is preferentially active in pre-B cell lines.51,53.,56.

The in vivo activity of the l5 5k region (promoter plus

enhancer) has been studied in transgenic mice where these

elements have been used to control the expression of

a reporter gene encoding the human CD25 (huTac)

molecule.16. In such mice, the highest level of human CD25

transgene expression was found in pre-BI cells, while later

stages expressed decreasing levels, a pattern of transgene

expression similar to that of the endogenous l5 gene.

Transgenic mice expressing a reporter gene under the control

of the VpreB1 enhancer have recently been established and

these are currently being analysed to determine whether

the VpreB1 enhancer is also active in vivo and, if so, whether

it shows stage-speci®c expression similar to that of the l5

enhancer. The region 3k of l5, together with the l5 enhancer

and genomic region, are required in order to achieve

expression from a single-copy transgene.57. This same region

may also be important for the expression of a single-copy

VpreB1 gene57. but it is not clear how it would in¯uence

VpreB2 gene expression as this gene may be located far from

the l5 3k region.

Transcription factors important for B-cell development

and SL gene expression

Several transcription factors have been shown as crucial for

B-cell development and some of these have been implied as

regulators of VpreB and l5 gene expression. Since the two

genes are always expressed in parallel, the hypothesis would

be that they are regulated by the same factors. So far, four

transcription factors have been suggested to regulate the

transcription of both VpreB and l5.

The ®rst is early B-cell factor (EBF), which was originally

demonstrated to regulate the activity of the mb-1 (Iga)

promoter.58,59. EBF was subsequently found to control the

activity of the endogenous SL genes, possibly through the

VpreB and l5 enhancers.53,56.,60,61. These ®ndings were further

supported by the observation that mice lacking EBF, where B-

cell development is blocked at the pro-B cell (B220+CD43+)

stage, did not express VpreB or l5, nor mb-1.62.

The second factor is E2A, which binds to E-box motifs

present in many cell-type-speci®c genes.63. Recent studies

have shown that this factor is important for the activation of

endogenous VpreB and l5 gene expression, possibly through

the respective enhancer.60,61.This factor has also been disrupted

and mice lacking the E2A gene products (E12 and E47)

are blocked at a slightly earlier developmental stage than

EBF-de®cient mice. As expected, the cells do not express

l5.64,65. Interestingly, mice heterozygous for both EBF and

E2A de®ciency (EBF+/xE2A+/x) are also blocked in B-cell

development and the effect is more pronounced than in hetero-

zygous mice de®cient in the individual factors. However, this

phenotype is not as strong as in the respective homozygous

mice, suggesting a co-ordinated regulation of B-cell develop-

ment.61.Furthermore, the EBF+/xE2A+/x mice express low

levels of VpreB owing to a decreased frequency of VpreB-

expressing cells, rather than an overall decrease in expression
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levels, implying mono-allelic expression of EBF (E2A is

bi-allelicly expressed in mature B cells).65.

A third factor, Pax-5, has also been implied in VpreB and

l5 gene expression. However both VpreB and l5 are expressed

at seemingly normal levels in mice lacking Pax-5, suggesting

that this factor is not required for the activation of these

genes.18,66. Pax-5 is important for the control of the B-cell

speci®c CD19 gene67,68.and, as mentioned above, these animals

have a block in B-cell development at the pre-BI stage.

A fourth factor implicated as a regulator of the VpreB and

l5 genes is Ikaros, which exists in several forms generated by

differential splicing. This transcription factor was ®rst cloned

for its capacity to activate the CD3d enhancer and the terminal

deoxynucleotidyl transferase (TdT) promoter.69,70.As shown by

gene deletion, Ikaros is also important for the development of

B cells as well as other cell types. However, the block is

very early in development and it is not possible to analyse its

effects on SL gene expression.71. Ikaros has been implied as

a suppressor of l5 gene activity: the l5 gene was found to be

co-localized with Ikaros in transcriptionally inactive hetero-

chromatin, but only in cells that did not express the gene, i.e. in

a mature B- but not in a pre-B-cell line.72.Thus, EBF and E2A

seem to control the activation of VpreB and l5, while Ikaros,

and possibly Pax5, may be more signi®cant in switching off

the genes. Hence, a combination of all these factors will

ensure that the VpreB and l5 genes are transcribed in cells at

the right time.

CONCLUSION

As outlined above, the pre-BCR controls a critical stage of

B-cell development and pre-B cells failing to express a fully

functional pre-BCR are compromised in further development.

The pre-BCR is crucial for differentiation, but also for IgH

allelic exclusion, proliferation and IgH repertoire selection.

However, the lack of individual components seem to affect

different signalling pathways, making it possible to study these

signalling events separately. Numerous important questions

remain unanswered. How do signals generated via the pre-BCR

regulate cell proliferation and how is proliferation arrested?

How are pre-BCR signals linked to those from the IL-7R?

Does the pre-BCR have a ligand? How do the lack of VpreB

and the lack of the complete SL affect all these events? Can

the transgenic mice that carry particular reporter genes driven

by the l5 and VpreB enhancers tell us anything about the

pre-BCR? Finally, how do the multiple transcription factors

involved combine to regulate SL gene expression?
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